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The effect of ice crystal surface roughness on light scattering by ice crystals which are
large compared to the wavelength was studied, in particular changes to the 2D scattering
patterns, azimuthally averaged phase functions, degree of linear polarisation patterns and
asymmetry parameters for a range of orientations and roughness scales. It was found that
roughness has an effect on light scattering by hexagonal prisms, particularly when the
roughness features are of comparable size to the wavelength. The roughness model that
has the most effect on light scattering takes account of more than one roughness scale.
Rough geometry was implemented by a Gaussian roughness method that took
roughness parameters derived from sand grains, which have been reported to be suitable
proxies for rough ice crystals. Light scattering data for these geometries was computed
using the ADDA discrete dipole approximation method.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
A hospitable climate is vital to our long-term survival,
and so the study of it is very important. The conclusion
that the climate is being changed rapidly by human
activity [1] makes this study even more urgent. Future
climate behaviour can be predicted by the use of climate
models, which work well for predicting the global climate
decades into the future; however, there are necessarily
assumptions and simpliﬁcations involved that limit the
accuracy of these methods. One of the largest sources of
error within these models is the interaction of cloudser Ltd. This is an open acce
r),
(L. Taylor),with radiation [2]. It is known that clouds have a large
effect [3–5], but their interaction with climate is complex;
their overall effect depends on the balance between
reﬂected, absorbed and transmitted shortwave (from the
sun) and longwave (from the surface and lower clouds)
radiation [6].
Although cirrus clouds typically allow most incident
sunlight to pass through them, their extent makes them a
major factor for the climate; cirrus coverage is typically
30% [7]; over the tropics it is typically 70% [8]. It has been
shown that smooth hexagonal prisms with size parameter
X ¼ 2πr=λ (where r is the characteristic length of the par-
ticle and λ is the wavelength of the incident light) of at
least 100 exhibit the 22° halo [9]. This minimum size is a
consequence of diffraction – if the ice crystals are too small
then diffraction effects become stronger and the halo peak
is spread out. The halo is quite rarely seen with real cirrus
clouds [9] potentially due to the constituent ice crystals in
cirrus having complex geometries [10] and/or displayingss article under the CC BY license
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of this work. Note that it has also been reported in the
literature [13] that irregularities in the geometry of hex-
agonal ice crystals can give rise to scattering properties
indicative of surface roughness, such as the smoothing out
of the phase function. Roughness of ice crystal surfaces has
a large effect on the radiative properties – experimental
results [14] show that surface roughness causes more light
to be scattered in the backward hemisphere, lowering the
asymmetry parameter. Understanding the extent to which
roughness causes this effect is important for better char-
acterising ice crystals in clouds.
Since direct imaging of particles in clouds is not accu-
rate enough to characterise particle roughness [15], pre-
vious work on characterising ice crystal roughness has
been done in the laboratory. Examples include using ice
crystal analogues [14], studying ice growth under a scan-
ning electron microscope [16–18], ice crystal creationFig. 1. (a) The crystal in its unfolded state. The triangles will be folded down, and
with its triangular parent facets folded down. Subfacet stretching can be seen
triangular parent facets folded down and corrected edge subfacets. (d) The cry
sections folded into position and the unconnected edges joined together. (a)–(e)using cloud chambers [19] and retrieval of roughness
parameters from observations of dust [20]. Geometric
optics has been used to simulate light scattering by par-
ticles with large-scale irregularity [21], in which deviations
from perfect crystal geometry are modelled by randomly
tilted facets. This method has also been applied to model
surface roughness. However, as tilted facets are not usable
within exact light scattering models, the simulation is not
exactly repeatable and it does not account for more com-
plex ray paths, as the tilting only occurs when the ray hits
(i.e. there are no closed surfaces). Also, geometric optics is
an invalid approximation at smaller size parameters and
for wavelength-scale surface roughness features on larger
size parameter objects. Improved roughness modelling has
already been done, using the Improved Geometric Optics
(for large size parameters) and Pseudospectral Time-
Domain (for small size parameters) methods; however
the parameters used there were not derived from physicalthen the rectangle will be folded to create the prism facets. (b) The crystal
at the edge where the rotation has taken place. (c) The crystal with its
stal after one subfacet rotation is complete. (e) The crystal with all the
All have a correlation length of 1 μm and a standard deviation of 0.3 μm.
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multiple roughness scales [22].
In this work, Gaussian rough ice crystal models are
created using parameters taken from analysis of sand grain
surfaces, which have been found to have a similar effect on
light scattering as ice crystal roughness [23]. Simulations
were run using these roughened crystals on the Discrete
Dipole Approximation (DDA) light scattering software
ADDA [24].2. Gaussian rough ice crystals
A Gaussian random crystal (Fig. 1e) is constructed from
a Gaussian random surface (Fig. 1a). This is a surface for
which the height varies as a function of the lateral x and y
dimension; the height of each point is calculated as a
Fourier series given in Eq. (1). Gaussian roughness has
previously been used to describe roughness for cylinders
[25], spheres [26], spheroids [27] and surfaces [28]. The
fundamental parameters in Gaussian roughness are a
correlation length, which describes the dominant spatial
frequencies, and a standard deviation, which describes the
variation in height.Fig. 2. An SEM scan of one of the analysed sand grains from Mitribah,
Kuwait. It has a diameter of approximately 40 μm.
Fig. 3. (a) The surface before it has had the overall proﬁle removed. (b) The surf
surface in (b).2.1. Gaussian random surface
A method was devised for creating input ﬁles describ-
ing the geometry of roughened hexagonal prisms for use
with computational light scattering models.
The implementation of this involved the application of
a Gaussian random surface creation method, adapted from
previous work by Muinonen and Saarinen [25], which uses
a 2D Fourier series technique, taking as its parameters the
correlation length (l) and standard deviation of the height
(σ) to create roughness across a previously ﬂat surface.
These two parameters can be chosen by the user; in this
work they are determined from analysis of a sand grain.
Theoretically, the height z of a point with coordinates (x,y)
on a rough surface is given by the following:
z x; yð Þ ¼
X1
p ¼ 1
X1
q ¼ 1
zpq eiðpKxþqKyÞ ð1Þ
Where K¼π/L is the wavenumber; L is half a period in x
and y, and must be chosen to be large compared to the
correlation length. zpq are independent Gaussian random
complex numbers, with zero means and variances:
Var Re zpq
  ¼ 1
8
1þδp0þδq0þ5δp0δq0
 
cpqσ2 ð2aÞ
Var Im zpq
  ¼ 1
8
1þδp0þδq03δp0δq0
 
cpqσ2 ð2bÞ
The same zpq values are used for all x,y. The cpq are
cosine series coefﬁcients:
cpq ¼ 2δp0
  ﬃﬃﬃπ
2
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ð3Þ
Practicality requires that the summations in Eq. (1)
must be performed over ﬁnite ranges. As such, the corre-
lation statistics of the surface must be taken into account
to calculate suitable limits for p and q. To do this, we
consider the correlation function representing a Gaussian
random surface:
C ζ;η
 ¼ e ζ2 þ η22l2
 
ð4Þ
Where ζ is the difference between the x positions of two
points and η is the difference between the y positions of
the same two points. The two dimensional Fourierace after the overall proﬁle has been removed. (c) Power spectrum of the
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C ζ;η
 ¼ X1
p ¼ 0
X1
q ¼ 0
cpq cos pKζ cos qKη ð5Þ
Evaluating Eqs. (4) and (5) for ζ¼0, η¼0, we ﬁnd the
limits of the summations by seeking the p and q such that
the difference between the two equations is less than
106, that is:
1
Xpmax
p ¼ p0
Xqmax
q ¼ q0
cpqo1 106 ð6Þ
Where qmax must be less than or equal to pmax. Once pmax
and qmax have been found, they can be substituted for the
inﬁnities in Eq. (1), which can be used to create the
Gaussian random surface.
2.2. Crystal geometry creation
The process of creating a Gaussian random surface is
shown in Fig. 1. The Gaussian random hexagonal prism is
created by generating a roughened surface that can be
folded to form a crystal. This is made up of six adjacent
rectangular parent facets which form the prismatic facets
and twelve equilateral triangular parent facets – two per
prism facet – which eventually form the basal facets
(Fig. 1a). After the roughening has been completed quad-
rilateral subfacets are generated.Fig. 4. (a) Simulated surface obtained after removing wavenumbers larger th
transforming back into spatial coordinates. (b) Power spectrum of the surface in
Fig. 5. (a) Simulated surface obtained after removing wavenumbers smaller th
transforming back into spatial coordinates. (b) Power spectrum of the surface inEach triangular parent facet is folded along the edge
between it and its adjoining prism facet, leaving them
pointing down (Fig. 1b). It can be seen that subfacet
stretching occurs where the triangular parents join the
prism facets because the edge itself has not been rotated;
to correct for this, the edge is rotated around its position in
the unroughened state by 45° (Fig. 1c). Afterwards, the
individual prism facets are rotated in turn (Fig. 1d).
Once the rotations are complete, gaps left due to the
roughening procedure are joined together. The ﬁrst and
last prism facets are connected using an interpolation
method. Likewise, interpolation is used to join the trian-
gles at either end of the prism facets together to create the
basal facets (Fig. 1e).
2.3. Obtaining Gaussian random surface parameters from
sand grain microscopy
To obtain suitable parameters for roughness genera-
tion, analysis of the surface of an ice crystal in a cirrus
cloud would be ideal. However, in situ cloud imaging
methods are not able to provide the required optical
resolution, and so a suitable proxy is needed. A sensitivity
study using arbitrarily chosen roughness parameters
would be the best approach; however the computational
demands are prohibitive. An alternative technique is to
derive roughness parameters from a physical model that
shows similar levels of roughness to that of ice crystals;an 0.47 μm1 from the Fourier transform of the surface in Fig. 3b and
(a).
an 0.47 μm1 from the Fourier transform of the surface in Fig. 3b and
(a).
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grains as the physical model. These were chosen because
statistical measures of the texture of 2D scattering patterns
taken by the SID-3 (Small Ice Detector) probe are con-
sistent between sand grains and ice crystals from cirrus
clouds [23].
Samples (e.g. Fig. 2) were prepared for detailed
microscopy work using the Park Systems XE-100 Atomic
Force Microscope (AFM) at Cardiff University. For this,Fig. 6. The crystal orientations used in this work with the incident beam propag
the basal facets are a result of the interpolation used in the crystal creation pr
rotation, (b) is rotated 10° in the y–z plane, (c) is rotated 20° in the y–z plane and
in Fig. 7.
Fig. 7. Left: coordinate system of the incidence direction, which propagates in
around the z-axis. Right: the second rotation of the beam, which is around thesuitably sized sand grains from a surface sample collected
in Mitribah, Kuwait were selected using optical micro-
scopy and mounted on a substrate. They needed to be less
than approximately 50 μm in diameter, preferably close
to this bound to get as large a scan area as possible
(measured grains varied from 40 μm to 54 μm). Ula-
nowski et al. [23] showed that sand grains of diameter
41 μm and 47 μm display comparable scattering pattern-
derived roughness to that of naturally occurring cirrus iceating out of the page, shown for a two-scale rough crystal. The stripes on
ocedure. All beam rotations are at 30° in the x–y plane; (a) has no other
(d) is rotated 30° in the y–z plane. The coordinate system used can be seen
the negative x direction. Middle: the ﬁrst rotation of the beam, which is
x-axis.
Table 1
Ratios of correlation length and standard deviation to the wavelength of
the incident beam for one-scale and two-scale roughness at size para-
meters: 20, 40, 60 and 100. For these sizes, the number of dipoles used
per wavelength was 66.5, 33.25, 22.17 and 13.3 respectively. The wave-
length is 532 nm.
One-scale
roughness
Two-scale roughness
1st roughness scale 2nd rough-
ness scale
X l/λ σ/λ l/λ σ/λ l/λ σ/λ Total σ/λ
20 0.31 0.06 0.68 0.08 0.08 0.04 0.12
40 0.63 0.13 1.35 0.16 0.16 0.09 0.25
60 0.94 0.19 2.03 0.24 0.24 0.13 0.37
100 1.57 0.31 3.38 0.41 0.41 0.22 0.63
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because it is not known if this conclusion holds true at
other sizes. This allowed for an effective scanning area of
20 μm20 μm, as the AFM probe is unable to scan areas
that excessively deviate from being perpendicular to it.
To support the AFM work, images were taken of the
topography of the sample grains using a Scanning Electron
Microscope (SEM).
Data gained from the AFM work on sand grains was
analysed to derive the correlation length and standard
deviation values. Scanning artefacts were averaged out and
the surface had a 2D polynomial subtracted from it to
remove the grain's overall long-range proﬁle and leave just
the roughness (Fig. 3b). The 2D polynomial was calculated
by performing a least square ﬁt of the polynomial-
generated surface to the measured surface; the order
was increased until the roughness of the points of the
resultant surface visually appeared to have no variation as
a function of distance from the centre.
The resulting surface (Fig. 3b) was analysed to obtain
correlation length and standard deviation values for the
one-scale surface (as described in the next paragraph),
before being Fourier transformed. A wavenumber cut-off
was isotropically applied to split the power spectrum into
two parts; one containing only the high spatial frequencies
and one containing only the low spatial frequencies. Both
of these were then transformed back into spatial coordi-
nates to create two new surfaces. The one containing only
low spatial frequencies was visually compared with the
surface in Fig. 3b to check how it ﬁt the latter's large scale
features. The cut-off was varied until it satisﬁed this check.
The resultant surfaces are shown in Figs. 4a and 5a with
corresponding power spectra in Figs. 4b and 5b.
These surfaces were analysed to obtain values for the
standard deviation and correlation length. Correlation
lengths for both surfaces were retrieved by calculating
autocorrelation and using a rearranged form of Eq. (4).
The surface created using only large wavenumbers shows
anomalously deviating z-values at the edges (a con-
sequence of applying an isotropic cropping and therefore
disregarding the effects of the ﬁnite sample size in the
power spectrum), as can be seen in Fig. 5a. These were
cropped out before the surface was used to derive these
parameters. The same procedure was used to obtain cor-
relation length and standard deviation for one-scale
roughness by applying it to the surface containing all
spatial frequencies (Fig. 3b). The correlation lengths and
standard deviations derived from the surfaces in Fig. 3b,
Figs. 4a and 5a were substituted into Eqs. (4) and (2),
respectively. This allowed for the creation of a one-scale
and a two-scale rough surface, both similar to that shown
in Fig. 1a, to be created through using Eq. (1). By folding
the resulting surface one is able to create a rough crystal;
to obtain the two-scale rough crystal, the two rough sur-
faces are superimposed before folding. In effect, this
method allows for the creation of rough particles with
roughness properties derived from actual rough particles.3. DDA results
Computations were carried out using the ADDA [24]
implementation of the discrete dipole approximation light
scattering method to ﬁnd the light intensity and degree of
linear polarisation (DLP, deﬁned as –P12=P11, where these
are both elements of the 44 scattering matrix) as a
function of scattering angle and azimuthal angle for
smooth, one-scale rough and two-scale rough hexagonal
columns with an aspect ratio of 1 at a wavelength of
532 nm and refractive index n¼1.31þ0.0i. This aspect
ratio was chosen since our main interest is in the effect of
roughness, we note that this is in line with other studies,
e.g. [13,22,29]. Four different directions of the incident
beam were considered (Fig. 6) for a ﬁxed crystal orienta-
tion (Fig. 7).
Using this model, the incident beam originally propa-
gates along the x-axis; Fig. 7 shows the rotations per-
formed to achieve these beam orientations; all make an
angle of 30° with the x axis in the x–y plane, and make a
ﬁnal rotation of 0°, 10°, 20° or 30° around the x axis in the
y–z plane projection. Four crystal size parameters were
considered; 20, 40, 60 and 100, with roughness being
scaled proportionately with size.
The number of dipoles in the DDA presentation of the
geometry was chosen so that it can present the particle
roughness with reasonable accuracy, and that the dipole
size compared to the wavelength is small enough. For the
latter requirement, the ‘rule-of-thumb’ for ADDA [24] is
used, requiring that dr10/(λ|n|), with d being the dipole
size. We selected d¼0.0406107 for the largest size, so that
dipoles-per-wavelength is 13.3, while smaller sizes are
achieved by decreasing the dipole size.
There are no analytical methods to estimate the accuracy
of our DDA results, but we can check how well they satisfy
the reciprocity relation. Following the method in Schmidt
et al. [30], we report the 90° relative reciprocity error to be
0.037% and 0.045% for the largest smooth geometry with VV-
and HH-polarizations, and 0.0017% and 0.093% for the largest
geometry with two-scale roughness and VV- or HH-
polarizations. The relative reciprocity errors for these lar-
gest geometries are very small, and are expected to stay as
small or get smaller with smaller geometries.
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correlation length are created at a size parameter of 32.5.
For one-scale roughness, correlation length 0.5 mm and
standard deviation 0.1 mm are used; for two-scale rough-
ness, the Gaussian random surfaces from the large scale
mode (correlation length 1.08 mm and standard deviation
0.13 mm) and from the small scale mode (correlation
length 0.13 mm and standard deviation 0.07 mm) were
superimposed. The coordinates that make up this crystal
are then scaled linearly to derive the coordinates of crys-
tals of size parameter 20, 40, 60 and 100.Fig. 8. Phase functions of smooth, one-scale rough and two-scale rough crystals.
from left to right, the angle in the y–z plane increases from 0° to 30° in steps of 10
the size parameter is 20, 40, 60 and 100. Schematics above the top row show the
Insets within the graphs show close-ups of the backscatter – from 175° to 180°.
rest of this work. (For interpretation of the references to color in this ﬁgure legDue to the scaling, the roughness parameter to wave-
length ratios increase linearly with size parameter, as can
be seen in Table 1. As these ratio values increase, the effect
of the roughness on light scattering also increases, as can
be seen for azimuthally averaged phase functions (which
appear in Fig. 8 and which, for brevity, we will call phase
functions from here on), asymmetry parameters (Table 2),
2D scattering patterns (Figs. 11a and 12a) and degree of
linear polarisation (Figs. 11–13). The Fraunhofer criterion
[38] for effectively smooth surfaces requires σ/λ o 1/
(32cos(α)) (corresponding to a phase difference of π/8Different columns in the diagram represent different beam orientations –
°. Different rows represent different size parameters – from top to bottom,
crystal orientations where the incident beam propagates out of the page.
The same colours are used for the same roughness scales throughout the
end, the reader is referred to the web version of this article.)
Fig. 9. 175°–180° phase functions for smooth (blue), one-scale rough (red) and two-scale rough (green) crystals averaged over all four orientations (left
column) with corresponding “normalised-to-one” diagrams (right column). From top to bottom, the rows represent size parameters of 20, 40, 60 and 100.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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surface), where alpha is the angle between the incident
wave vector and the surface normal of the corresponding
smooth surface. For direct forward and backscattering the
criterion has a value 0.031, which we note is about half the
value for σ/ λ for one scale roughness at size parameter 20,
where the differences in scattering properties compared to
the smooth crystal are found to be very small already.
Scattering from the largest size parameter smooth
prism can be readily interpreted from a geometric/physical
optics perspective, identifying peaks in the phase function
as being caused by reﬂection/refraction events with local
spreading caused by diffraction. We use the geometricoptics terminology here as a means for interpreting the
changes of scattering properties as the crystal is scaled.
Light passing very close to the crystal is also scattered and
so geometric optics (GO) ray tracing is usually combined
with diffraction at the projected cross section (e.g. [21]),
which we will refer to as external diffraction. If external
diffraction is computed as diffraction at the incidence
facing facets (a generalisation of Babinet's principle) and
diffraction of rays or beams leaving the crystal is
considered, scattering can be resolved azimuthally
(e.g. [31,32]).
For the orientation with a rotation of 0° in the y–z
plane, peaks can be seen for the smooth crystal at
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parallel basal facets – known as δ-function transmission in
GO [33] – superposed with the external diffraction peak),
51° (caused by reﬂection off the prism facets), 80° (due to
light being transmitted through the two prism facets and
passing through the two opposite them) and 120° (Figs. 11
and 12). This latter peak is mainly due to light reﬂecting off
the basal facet and light passing through the basal facet
facing the beam, internally reﬂecting off the other basal
facet and exiting back through the ﬁrst basal facet. There is
also a peak at 151° due to at least two internal reﬂections
either in one plane or including a rotation of reference
plane (skew rays).
As the incident beam is rotated in the x–y plane, the
prism reﬂection peak is split; at a rotation of 10°, peaks can
be seen at scattering angles of 10°, 48°, 55°, 120° and 160°;
at a rotation of 20°, peaks appear at scattering angles of
20°, 38°, 58°, 120° and 170°; ﬁnally, at a rotation of 30°,
peaks are visible at scattering angles of 28°, 60°, 120° and
180° (see 4th row of Fig. 8, blue line). It is important to
note that due to crystal symmetry more complex ray
interactions can produce the same exit angle (e.g. external
reﬂection and refraction into the crystal followed by
internal reﬂection followed by refraction out of the
crystal).
While such analysis is possible for smooth crystals, it
becomes far more difﬁcult when surface roughness isFig. 10. Diagrams showing the azimuthal (blue) and scattering (red)
angles for (a) forward 2D scattering patterns (Fig. 11) and backward 2D
scattering patterns (Fig. 12). (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this
article.)
Table 2
Asymmetry parameters calculated for the crystals for which light scattering was
Orientation Smooth gs One-scale g1 g1 gsð Þ
gs
%½  Two-scale g2 g2 gsð Þgs %½
Size parameter 20
30°,0° 0.725 0.724 0.207 0.744 2.607
30°,10° 0.722 0.719 0.471 0.740 2.535
30°,20° 0.720 0.720 0.014 0.736 2.166
30°,30° 0.720 0.718 0.292 0.734 2.043
Mean 0.722 0.720 0.236 0.739 2.342
Size parameter 60
30°,0° 0.711 0.722 1.434 0.702 1.251
30°,10° 0.727 0.739 1.568 0.700 3.713
30°,20° 0.725 0.738 1.779 0.710 2.137
30°,30° 0.724 0.746 2.996 0.722 0.373
Mean 0.722 0.736 1.952 0.708 1.883introduced due to the large number of sub-beams created
at external incidence. Looking at the 2D scattering patterns
in Figs. 11 and 12, we see that roughness reduces the
prominent features seen for the smooth crystal into
speckle. This blurring and spreading leads to the smooth-
ing out of the peaks and troughs in the phase function
(Fig. 8). For size parameter 100 the deviation in the phase
function from the smooth case is substantial after a scat-
tering angle of 10°. This can be seen also in the 2D scat-
tering patterns by the external diffraction peak at the
centre being the only remaining recognisable feature. Note
that scattering in the direct forward direction is notably
reduced due to roughness affecting the transmission peak,
in particular for two-scale roughness (Table 3). Decreasing
the size parameter reduces the inﬂuence roughness has on
the 2D scattering patterns, with relatively little change
occurring for the smallest size parameter (see Figs. 8 and
11). It can also be seen that two-scale roughness increases
the number of speckle spots compared to one-scale, and
that these spots decrease in size with increasing size
parameter, as discussed in [34]. The scaling of roughness
with size parameter means that smaller size parameters
have roughness features which are much smaller than the
wavelength (Table 1) which in turn means that light
scattering is only weakly sensitive to it. If the roughness
had not been scaled, it is possible that there would have
existed surface roughness with size comparable to the
wavelength. In such circumstances one would expect to
observe a noticeable deviation from the smooth case in the
associated scattering patterns and phase functions.
The 2D scattering patterns in Fig. 12 correspond to
scattering in the backward hemisphere, where the effects
of surface roughness are even more pronounced. For the
largest size parameter, one can easily see that the bright
spot at 120°, due to external reﬂection and some higher
order events, is entirely removed as the reﬂection becomes
diffuse and the transmission paths altered, leaving only
speckle. Furthermore, we notice that surface roughness
has less effect on the smallest size parameter, as for for-
ward scattering.
In summary we see that deviations from the smooth case
in the 2D scattering patterns and phase functions increase
with size, and that forward scattering is less sensitive tomodelled. The orientation angles refer to the rotations explained in Fig. 7.
 Smooth gs One-scale g1 g1 gsð Þgs %½ 
Two-scale g2 g2 gsð Þ
gs
%½ 
Size parameter 40
0.710 0.694 2.295 0.716 0.845
0.700 0.689 1.628 0.714 1.956
0.694 0.698 0.475 0.716 3.140
0.698 0.705 1.046 0.723 3.583
0.701 0.696 0.628 0.717 2.354
Size parameter 100
0.764 0.758 0.785 0.726 5.012
0.761 0.758 0.368 0.713 6.280
0.771 0.768 0.389 0.724 6.111
0.766 0.767 0.170 0.729 4.856
0.766 0.763 0.340 0.723 5.577
Fig. 11. Logarithmically scaled forward hemisphere 2D scattering patterns (a) and forward hemisphere degree of linear polarisation images (b) for the
crystal shown in the inset of the 4th column of Fig. 8. Different rows represent different crystal size parameters; from top to bottom, they represent size
parameters of 20, 40, 60 and 100. Different columns represent different roughnesses; from left to right they represent the smooth, one-scale rough and
two-scale rough cases. The azimuthal (blue) and scattering (red) angles can be seen in Fig. 10(a). Since brightness increases with crystal size parameter,
grey-scale ranges for the scattering patterns in (a) were varied to best show the features at each size parameter. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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external diffraction, which has low sensitivity to surface
roughness as it depends on the crystal's 3-dimensional con-
tour, strongly contributes to forward scattering. Furthermore,
two-scale roughness results in more speckle than one-scale
roughness because of the change in σ=λ which leads to con-
siderable phase differences in the reﬂected light. Note that
due to the scaling of roughness with size, σ=λ is greatest at
larger size parameters, contributing to more pronounced
speckle with increasing crystal size. However, the angular
region enclosing the direct backscattering direction needs to
be considered separately. For orientations where direct back-
scattering is strong for the smooth crystal due to retro-
reﬂections at or close to 180° (4th column in Fig. 8) a reduc-
tion will be observed due to surface roughness, in a similar
way as was discussed for other large angles. This effect is
strongest for large size parameters and can be imagined as
distortion of the GO ray paths. However, for orientations
where direct backscattering is weak for the smooth crystal
(ﬁrst column in Fig. 8) a slight increase with surface roughnessis seen, which would be predicted by GO due to suitable ray
paths becoming available which could also contribute to
coherent backscattering. Fig. 15 shows a 2D scattering pattern
over the angular range 175 ̂rθr180 ̂ for the phase function
for size parameter 100.
Surface roughness causes the scattered ﬁeld to have a
spatially wider distribution resulting in higher contribu-
tions into the direct backscattering direction. We expect
there to be an ‘optimum range’ of roughness parameters
which allows diffraction into the backscattering direction
with sufﬁciently high electric ﬁeld amplitude. The half-
height width of the back scattering peak is about 0.6° for
size parameter 100 and increases with decreasing crystal
size. For size parameter 100 the phase functions between
175° and 180°of the two rough crystals look very similar
for all four orientations. The absolute values for double
scale roughness (see Figs. 8 and 15) are very slightly higher
but the enhancement factor is slightly less than for single
scale roughness. The latter is thought to be due to more
spread out diffraction which results in smaller irradiance
Fig. 12. Same as Fig. 11, but for the backward scattering hemisphere. The azimuthal (blue) and scattering (red) angles can be seen in Fig. 10(b). Notice that
the size of the speckle in the 2D scattering patterns decreases with increasing size parameter. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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ratio of intensities at 180° and 175° is taken as a measure
for backscattering ampliﬁcation. For the roughened
prisms, values averaged over the four orientations are 1.79
for the one-scale roughness and 1.45 for the two-scale.
Note that the maximum possible enhancement factor due
to interference is two. The observed peak height is fairly
independent of particle size (see insets of Figs. 8 and 9).
These observations are similar to results for roughened
hexagonal crystals with random orientation in [29] and
[35]. The effect of surface roughness on the polarisation of
the scattered light for the cases investigated is best dis-
cussed through use of the right column of Fig. 13. These
plots show clearly that the greatest deviation from the
smooth crystal's polarisation occurs in the backscattering.
This is no surprise since back-scattering is not only more
sensitive to surface roughness, but also contains con-
tributions from near spatial skew rays [36], which also
change with surface roughness. For all but the smallest
size parameter the magnitude of DLP stays broadly the
same (away from backscattering), irrespective of rough-
ness. Table 2 and Fig. 14 show the asymmetry parameters
for several ﬁxed orientations (which should not beconsidered to be representative of a cloud of randomly
oriented ice crystals) derived from DDA, including per-
centages of deviation from the value for the smooth
crystal. Crystal symmetry means that results for beam
rotations of 0°, 10° and 20° around the x-axis apply to
rotations around the same axis of 60°, 50° and 40°,
respectively. Experimental results on ice analogues with
submicron roughness (at size parameters of 395 and 493)
[14] and modelling results using Improved Geometric
Optics [37] have shown that the asymmetry parameter
would be expected to be reduced for rough crystals com-
pared to smooth ones. Modelling results from this study
are in agreement with this, with the greatest reduction in
the asymmetry parameter being seen at the largest size
parameter with two-scale roughness, potentially indicat-
ing that the two-scale roughness is more representative of
‘real’ roughness.4. Conclusions
2D scattering pattern, phase function, asymmetry
parameter and degree of linear polarisation results were
Fig. 13. Left column: azimuthally averaged degree of linear polarisation for smooth (blue), one-scale rough (red) and two-scale rough (green) crystals at the
same orientation as in Figs. 11 and 12. The ﬁrst and last 5 degrees can be seen in the insets. Right column: the difference between the DLP of the smooth
crystal and the one-scale rough (red) and two-scale rough (green) crystals for each of the crystal sizes considered. The deviation graphs are intended to
more clearly show where DLP for the rough crystals deviates from DLP for the smooth crystals. Different rows represent different crystal size parameters;
from top to bottom, they represent size parameters of 20, 40, 60 and 100. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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two-scale Gaussian rough crystals of various orientations
and size parameters of 20, 40, 60 and 100. Fourier analysis
of data obtained through atomic force microscopy of a
grain of Kuwaiti desert sand returned correlation lengths
and standard deviations which were used to create Gaus-
sian rough surfaces. These rough surfaces were then folded
to create rough crystals. The roughness was scaled linearly
with crystal size.
2D scattering patterns for ﬁxed orientation of known
particle geometries are an important tool for interpretingSID-3 patterns. Our results show that roughness causes
characteristic features related to smooth crystals to blur,
fragment and disappear leaving behind speckle, when the
scaling is large enough, for both forward and backward
scattering hemispheres; the effect is strongest for
the backscattering hemisphere. The roughness-induced
deviations become more apparent as the crystal size
parameter increases, and are more apparent for two-scale
roughness than for one-scale roughness. With two-scale
roughness at a size parameter of 100 considered, mainly
the external diffraction peak with some speckle remains
Table 3
Percentage changes in direct forward transmission (i.e., a scattering angle of 0°) for one-scale and two-scale rough crystals, compared to the smooth crystal.
The orientation angles refer to the rotations explained in Fig. 7.
Orientation Size parameter 20 Size parameter 40 Size parameter 60 Size parameter 100
One-scale %
change
Two-scale %
change
One-scale %
change
Two-scale %
change
One-scale %
change
Two-scale %
change
One-scale %
change
Two-scale %
change
30°,0° 2.67 2.55 1.36 1.86 4.21 3.58 2.36 7.68
30°,10° 2.25 4.06 4.10 6.58 1.19 0.39 0.50 5.36
30°,20° 2.20 3.28 4.52 9.45 0.95 3.17 2.64 11.53
30°,30° 0.94 1.11 4.27 7.93 2.30 2.14 2.60 12.80
Mean 2.02 2.76 3.53 6.37 2.12 0.64 2.05 9.45
Fig. 14. Graphical representation of asymmetry parameter results of smooth (blue, triangle markers), one-scale rough (red, asterisk markers) and two-scale
rough (green, circle markers) crystals. Markers show the position of the mean and bars show the standard deviation of the asymmetry parameter derived
from the four computed orientations. Note that the orientations are not independent. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
Fig. 15. Two-dimensional intensity patterns with linear scale for the size parameter 100 crystal in the orientation shown in the ﬁrst column of Fig. 8 for the
angular region 175 ̂rθr180 ̂ . (a) corresponds to the smooth crystal, (b) the one-scale rough crystal and (c) the two-scale rough crystal. It can be seen that
adding roughness increases the intensity of the backscattered light because of coherent backscattering.
C.T. Collier et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 182 (2016) 225–239 237for forward scattering. However, the angular region
enclosing the direct backscattering direction needs to be
considered separately. For orientations where direct
backscattering is strong for the smooth crystal due to
retro-reﬂections at or close to 180° it will be reduced by
surface roughness in a similar way as discussed for other
large scattering angles. Yet, for orientations where direct
backscattering is weak for the smooth crystal it is slightlyincreased by surface roughness, which is thought to be
partly due to coherent backscattering.
Phase functions show that the effects of roughness
increase as the particle is scaled towards larger sizes with
larger roughness features in the investigated range - little
change is seen (compared to the smooth crystal case) for
rough crystals scaled to a size parameter of 20. It should be
noted that ðl=λÞ and ðσ=λÞ are very small at size parameter
C.T. Collier et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 182 (2016) 225–23923820; wavelength scale roughness features may well
increase light scattering by a crystal of this size.
As the asymmetry parameter is easily affected by orien-
tation we cannot draw ﬁrm conclusions on how roughness
affects it since the orientation sample is small. Calculation of a
sufﬁcient number of random orientations for proper orienta-
tion averaging would be extremely computationally expen-
sive. That said, we see that deviation from the smooth case is
largest when the two-scale roughness is used in conjunction
with the largest size parameter, which is qualitatively in
agreement with previous experimental results [14].
Degree of linear polarisation 2D patterns show that,
compared to results for smooth crystals, roughness dis-
rupts patterns in scattering angle and azimuth for forward
and backward scattered light. Backward scattering is
affected more than forward scattering; the same effect as
seen for intensity. These effects become more pronounced
as the crystal is scaled up in size and for two-scale
roughness.
Overall we have shown that for hexagonal prisms
Gaussian roughness with the investigated parameters
reduces features seen in the phase function compared
with the smooth counterpart and reduces the asymmetry
parameter, as long as the effective period and amplitude
of the spectrum of spatial oscillations making up the
roughness are of an approximately equal or greater size to
the wavelength – this appears to begin happening
noticeably at a size parameter of 40. Larger roughness
features cause more deviation from scattering observed for
smooth crystals, but the most effective roughness model
for ice crystals investigated here takes account of both
large features and features whose size is small compared
to the wavelength.Acknowledgements
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